A new O-ring flat sheet membrane module design was used to investigate the performance of Vacuum Membrane Distillation (VMD) for water desalination using two commercial polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) flat sheet hydrophobic membranes. The design of the membrane module proved its applicability for achieving a high heat transfer coefficient of the order of 10 3 (W/m 2 K) and a high Reynolds number (Re). VMD experiments were conducted to measure the heat and mass transfer coefficients within the membrane module. The effects of the process parameters, such as the feed temperature, feed flow rate, vacuum degree, and feed concentration, on the permeate flux have been investigated. The feed temperature, feed flow rate, and vacuum degree play an important role in enhancing the performance of the VMD process; therefore, optimizing all of these parameters is the best way to achieve a high permeate flux. The PTFE membrane showed better performance than the PVDF membrane in VMD desalination. The obtained water flux is relatively high compared to that reported in the literature, reaching 43.8 and 52.6 (kg/m 2 h) for PVDF and PTFE, respectively. The salt rejection of NaCl was higher than 99% for both membranes.
Introduction
Fresh water shortages and water scarcity are major global issues, especially in the arid and semiarid regions of the world, where fresh water can be obtained through different techniques, such as the desalination of seawater. Desalination is one of the earliest methods known to man of obtaining saltfree water. In nature, it forms the source of the hydrological cycle. Desalination usually refers to the process of reducing the concentration of salt and dissolved substances in seawater or brackish water to make it palatable and suitable for consumption. In addition to salt removal, some desalination techniques also remove suspended material, organic matter, bacteria, and viruses [1] [2] [3] [4] [5] . Desalination has great potential for supplying fresh water for the 2.4 billion people living in coastal areas, which is equivalent to 39% of the world population. As a result, over the past 15 years, the daily water production has increased from approximately 13 million m 3 /day to the current 48 million m 3 /day in the 17,000 desalination plants operating worldwide [6] . Globally, more than 80% of the world's desalination capacity is provided by two processes: multistage flash (MSF) and reverse osmosis (RO) [7] . However, these technologies are energy intensive, with the energy mainly supplied by fossil fuel sources, and are not linked to renewable energy sources. Among the recent technologies, membrane distillation (MD) has the advantage of performing at moderate temperatures and pressure [2, 3, 8, 9] . MD process is an emerging thermally driven membrane process and can be applied successfully in desalination [10, 11] . The MD process is economical in terms of energy because the heat source for the process can be low grade and/or alternative energy sources such as solar and geothermal energy and because energy is continuously recovered [2, 8, 9, 12] . During the MD process, a hot saline solution is brought in contact with a hydrophobic membrane, which allows water vapor to diffuse through the membrane, restricting the flow of liquid and hence dissolved salts through its pores [13, 14] . The mass transfer of water vapor through the membrane pores is facilitated by the vapor pressure difference, as well as the temperature difference between the two sides of the hydrophobic membrane, that is, the feed side and the permeate side, as shown in Figure 1 [2, 3, 8, [14] [15] [16] . MD can be divided into four configurations ( Figure 2 ) such as (a) Direct Contact Membrane Distillation (DCMD), where the membrane is in direct contact with the cold and hot fluids, (b) Air Gap Membrane Distillation (AGMD), where an air gap is introduced between the membrane and the condensation surface, (c) Sweeping Gas Membrane Distillation (SGMD), where a cold inert gas is employed to sweep the water vapor at the permeate side to condense outside the membrane module, and (d) Vacuum Membrane Distillation (VMD), where the vacuum is applied to the permeate side by means of a vacuum pump to condense the water vapor outside of the membrane module [2, 9, 10, 17] . The difference between these configurations depends on the way in which the vapor is condensed and/or removed from the membrane module [2] . All four configurations have advantages and disadvantages, depending on their applications with the feed solution to be treated [2, 3, 16, 18] . VMD process has many attractive features compared to other MD configurations, where one of the greatest advantages of the VMD process is that heat conduction across the membrane is negligible due to the very low pressure (i.e., a high vacuum degree) on the permeate side; therefore VMD is highly efficient in terms of energy [2, 19] . Additionally, the low pressure enables the VMD process to achieve the best performance in terms of permeate flux compared to other MD configurations [2, 20] . The mechanism makes the VMD process appropriate for separation of various volatile compounds from their aqueous solutions or a mixture of the same and it is only recently that it was applied for seawater desalination and treatment of RO brines [21, 22] However, VMD process has attracted less attention compared to other MD processes and few papers have focused on the fabrication of membranes modules for VMD applications [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Therefore, in our previous study, new asymmetric PES/TiO 2 NTs (polyethersulfone blends with titanium dioxide nanotubes) blend membranes were successfully fabricated by the phase inversion method. The results showed a significant improvement in the performance of the new membrane compared to the commercial membrane, where the permeate flux and salt rejection reached 5.5 (kg/m 2 h) and 96.7% at 35,000 ppm, respectively [34] . Due to the advantages of the VMD process, the new O-ring membrane module was designed and developed. Therefore, the main objective of this paper is to investigate the effect of the operating conditions such as feed temperature, feed flow rate, vacuum degree, and feed concentration using the O-ring membrane module on the performance of VMD process for two commercial PTFE and PVDF hydrophobic membranes.
Experimental Work

Flat Sheet Membrane Modules.
A flat sheet O-ring membrane module was designed and specially manufactured to apply Vacuum Membrane Distillation to seawater desalination ( Figure 3 ). The O-ring membrane module consists of three opening holes, one for controlling the vacuum on the permeate side and the other two for feed and water recycling to the feed tank, where the membrane module was constructed to provide better mixing, which increases the heat and mass transfer coefficients and consequently enhances the performance of the VMD process.
Experimental Set-Up.
The experiments were carried out on a bench scale unit, as shown in Figure 4 . The feed solution was continuously fed into the membrane module from the feed tank using a peristaltic feed pump. The feed solution was heated using a hot plate, and the feed temperature (28-65 ∘ C) was controlled by a hot plate thermostat and recorded using a thermometer. The flow rates used (27.7, 58.7, 97.2, and 110.2 L/h) were measured by a flow meter connected to the feed pump. Vacuum or low pressure on the permeate side (Pa) was obtained using a vacuum pump. The condenser was designed in an efficient manner in which the water vapor was transferred and drawn through the membrane pores to the condenser and then condensed in a condenser jacket using cooling water. The cooling water was fed and recycled continuously using a peristaltic pump into the condenser jacket with a constant cooling temperature of 5 ∘ C. The permeate was collected downstream of the condenser. 
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characteristics are shown in Table 1 . The membrane effective area was 117 cm 2 . A synthetic salt solution was prepared at different concentrations using commercial sodium chloride (NaCl). Cold water was used to cool the condenser. The feed solutions and permeate solutions were measured using a conductivity meter. The performance of the VMD process in terms of the water flux and salt rejection was investigated for both membranes at different feed temperatures (28, 45, 55 , and 65 ∘ C), feed flow rates (27.7, 58.7, 97.2, and 110.2 L/h), feed concentrations (10,000, 20,000, and 35,000 mg/L), and vacuum degrees (92, 94, 96, and 97 kPa). During the experiments, the water flux was measured every 15 minutes, where each run lasted for 3 hours and the water flux for each experimental run was the mean value of the fluxes computed in steady state operation with an experimental error of less than 5%. The water flux was calculated using the following formula:
where is the water flux (kg/m 2 h), is the collected sample volume (L), is the membrane effective area (m 2 ), and is the running time (h). 
Results and Discussion
VMD Experiments for Pure and Saline Water.
A series of pure water and saline water (35,000 mg/L) VMD experiments were conducted using two commercial PTFE and PVDF hydrophobic membranes to evaluate the fluid dynamics at the feed boundary layer, where the experimental results were used to evaluate the constant parameters ( and ) of the heat and mass transfer analogy. Pure and saline water were kept in turbulent flow in the membrane module to calculate the heat (ℎ ) and mass ( ) transfer coefficients, respectively, from the obtained correlations. A dimensionless Nusselt number (Nu) is commonly used to relate ℎ to other factors that affect heat transfer in the feed boundary layer, as illustrated in the equation below:
log Nu Pr = log + log Re.
The exponent of the Prandtl number (Pr) is usually equal to 1/3. Therefore, to determine and , some of the experimental results with pure water for the two membranes are listed in Table 2 . The water flux was measured under various feed flow rates (27.7 to 110.2 L/h), a constant feed temperature (65 ∘ C), and vacuum degree levels (92 kPa). As shown in Table 2 
Therefore, using (3) and (4), the heat transfer coefficient ℎ can be obtained, and because the heat and mass transfer are involved simultaneously in VMD, the mass transfer coefficient on the feed side can be calculated using the equation shown below:
Journal of Chemistry 5 The linear relationship of the heat (ℎ ) and mass ( ) transfer coefficients of the membrane module versus the feed temperature for pure and saline water at 58.7 L/h is shown in Figures 6(a) and 6(b) and Table 3 , respectively.
VMD Performance.
The performance of VMD in terms of its water flux and salt rejection has been studied experimentally by investigating the effects of various operating parameters, such as the feed temperature, feed flow rate, vacuum degree, and NaCl concentration in the feed. influence on the water flux of VMD. As expected, the water flux of VMD for both membranes increases exponentially with the feed temperature. This is due to the major effect of temperature on the water vapor pressure according to the exponential Antoine equation [2, 8, 34] . Increasing the feed temperature decreases the feed viscosity and the thickness of the boundary layer, which significantly enhances the mass transfer coefficient. 34.6 to 52.6 (kg/m 2 h) for PTFE. It is clear that the PTFE membrane provides a much higher water flux than the PVDF membrane. This is mainly due to the difference in membrane thickness (200 m for PVDF and 120 m for PTFE) where the thin membrane has a lower resistance to mass transfer across it.
(2) Effect of the Feed Flow Rate. The feed flow rate is also one of the most important parameters that affect the performance of the VMD process. The effect of the feed flow rate on the water flux was investigated for the PVDF and PTFE membranes by changing it from 27.7 to 110.2 (L/h) for different vacuum levels (92, 94, 96, and 97 kPa) at a constant feed concentration of 35,000 mg/L and feed temperature of 65 ∘ C. The changes in the VMD water flux for both membranes with respect to the various feed flow rates are shown in Figures 9(a) and 9(b), respectively. It is obvious that the permeate flux of VMD increases rapidly for both membranes with an increasing feed flow rate. This increase is due to the increase in Reynolds number, which causes enhanced mixing of the flow in the channels due to the turbulence. In other words, the enhanced turbulent flow reduces the thickness of the boundary layers for both the temperature and concentration (i.e., the boundary layer resistance), which consequently increases the driving force for evaporation. Moreover, the turbulence increases the convective heat transfer coefficient ℎ at the feed boundary layer. This is clear from (3) and (4), where ℎ is directly proportional to Re 0.8 , which consequently speeds up the heat transfer process from the bulk feed to the membrane surface [20, 38, 39] . This consequently increases the feed membrane surface temperature fm and temperature polarization coefficient (TPC), as seen in Table 4 0 and Figure 10 , respectively. The TPC clearly increases with the increasing feed flow rate; this is due to the reduction of the heat transfer resistance within the boundary layers. However, the feed temperature has a negative influence on the TPC. This is attributed to the increased heat flux through the thermal boundary layer, which leads to a decrease in the membrane surface temperature fm [40] . Thus, increasing the feed flow rate is one way to mitigate the temperature polarization effect in VMD. Additionally, the increase in water flux seemed to approach the maximum values asymptotically with a higher feed flow rate [41] [42] [43] ; for example, in Figure 9 (a), the percentage increase in the water flux from 27.7 to 58.7 (L/h) was 57%, while it decreased to 9% from 97.2 to 110.2 (L/h). Therefore, a further increase in Reynolds number has less effect on the water flux so that the effective method is to optimize the feed flow rate to reach a high water flux [41, 44] . The results from Figures 9(a) and 9(b) show that the PTFE membrane provides a higher flux compared to the PVDF membrane, where the PTFE membrane reached a permeate flux of 50.6 (kg/m 2 h) at 65 ∘ C and 97 kPa vacuum degree, while the flux was 43.8 (kg/m 2 h) for the PVDF membrane under the same conditions.
(3) Effect of the Vacuum Degree. Based on some studies [35, 45] , the vacuum degree on the permeate side was one of the most significant factors, along with the feed temperature and feed flow, which affect the performance of the VMD process. In Figures 11(a), 11(b), 12(a), and 12(b) , the water flux was plotted as a function of the vacuum degree at a 35,000 mg/L feed concentration, different feed temperatures, and feed flow rates. As shown in Figures 11(a), 11(b), 12(a) , and 12(b), increasing the vacuum degree, while varying the feed temperature and feed flow rate, causes the water flux to increase linearly. This is attributed to the significant decrease in water vapor pressure on the permeate side, consequently enhancing the vapor pressure difference (i.e., the driving force) through the membrane; it is clear from the curve behavior that the effect of the feed temperature with the vacuum degree is more significant than the effect of the feed flow rate with the vacuum [26, 29, [46] [47] [48] . This is because the vapor pressure difference across the membrane is induced by the temperature at the feed side and the high vacuum applied to the permeate side. In addition, the percentage increase in the water flux when the vacuum level was first changed (i.e., from 92 to 94 kPa) increases dramatically at various feed temperature and feed flow rates, but the percentage increase is reduced as the vacuum level increases from 96 to 97 kPa. For example, at 27.7 (L/h) and 55 ∘ C, the water flux increased from 5.6 to 9.8 (kg/m 2 h), that is, by more than 75%, while the percentage increase was 15% for a change in the vacuum degree from 96 to 97 kPa. This means that the increase in water flux is reduced as the vacuum degree increases with the feed temperature and feed flow rate. Therefore, there is a trade-off between all of these variables in their effect on VMD performance; therefore, optimizing all of them is the best way to achieve a high water flux. Moreover, as shown in Table 5 , increasing the vacuum level increases the amount of heat flux required for evaporation, which is consequently necessary for increasing the performance of the VMD process. For example, the increase in the heat flux for the PVDF membrane from a 92 kPa vacuum degree to that of 97 kPa at a feed flow rate of 110.2 (L/h) and feed temperature of 65 ∘ C is greater than a twofold increase. The water flux of the PTFE membrane is higher than that of the PVDF membrane under the same operating conditions of the feed temperature and feed flow rate, where the water flux through the PTFE membrane is 13-16% greater than that for the PVDF membrane.
(4) Effect of the Feed Concentration. The effect of the feed concentration of the NaCl salt in aqueous solutions on the water flux and percentage rejection was investigated in VMD. The experiments were performed for different feed concentrations (10,000, 20,000, and 35,000 mg/L) where the feed temperature, the feed flow rate, and the vacuum degree were kept constant at 65 ∘ C, 58.7 (L/h), and 97 kPa, respectively. From Figure 13 , the effect of the feed concentration of NaCl on the water flux may be noted. The results show that the water flux decreases as the NaCl concentration increases due to the reduction of the vapor pressure difference, which decreases the amount of water vapor flowing across the membrane. Furthermore, Alhathal et al. and Mericq et al. [8, 21] attributed the decline in the permeate flux to the variation in the NaCl thermodynamic properties (i.e., the water activity coefficient). Moreover, the temperature and concentration polarization effects reduce the evaporation driving force where the thickness of the boundary layer is increased. As the concentration increases from 10,000 mg/L to 35,000 mg/L, the decline in flux is 14% for PTFE and 15% for PVDF, while the percentage rejection of salt shows more than 99% for both membranes. Based on previous studies [13, 34] , MD process can treat a highly saline water at a feed concentration of 35,000 to 180,000 (mg/L), with a decline in water flux from 13 to 35%, while the salt rejection is not affected by the feed concentration. for PVDF and 52.6 (kg/m 2 h) and 99.2% for PTFE. In terms of water quality, the average electrical conductivities of the permeates are 8.1 and 10.2 S/cm for the PVDF and PTFE membranes, respectively.
Conclusions
An O-ring membrane module was constructed and specially designed to investigate the performance of the VMD process using PTFE and PVDF membranes. Pure water experiments were conducted to measure the heat and mass transfer coefficients within the membrane module. The results were used to reevaluate the constant parameters of the heat and mass transfer analogy. Therefore, the obtained equations were used to calculate the heat and mass transfer coefficients. The results showed that the membrane module design proved its applicability for achieving a high heat transfer coefficient ℎ of the order of 10 3 (W/m 2 K) and high Reynolds number (Re). The effect of process parameters, namely, the feed temperature, feed flow rate, vacuum degree, and feed concentration, on the performance of VMD process in terms of water flux and salt rejection has been discussed. The results showed that the water flux increased exponentially with feed temperature. Additionally, the water flux increased with the increasing feed flow rate and seemed to approach maximum values asymptotically at higher flow rates. The degree of vacuum plays an important role in increasing the process performance, where the water flux increases linearly with an increasing vacuum degree. Therefore, there is a trade-off between these three variables on the effect of the VMD performance, so optimizing all of them is the best way to achieve a high permeate flux. As expected, the feed concentration of 10,000 to 35,000 mg/L of NaCl decreased the water flux, where the percentage decline was approximately 13 and 14% for PTFE and PVDF, respectively. It was concluded that, at operating conditions of a 65 ∘ C feed temperature, 110.2 (L/h) feed flow rate, and 97 kPa vacuum degree for a 35,000 (mg/L) feed concentration, the water flux reached 43.8 and 52.6 (kg/m 2 h) for PVDF and PTFE, respectively, and the salt rejection of NaCl was higher than 99% for both membranes. Within the investigation range of the experimental operating conditions, the obtained water fluxes were relatively high compared to those reported in the literature, and these results might be attributed to the unique design of O-ring membrane module and the condenser.
